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FIELD OF THE INVENTION

[0001] The present invention relates to a process measurement and a non-invasive sensor making it possible to
measure one or more parameters of interest in a target environment.

[0002] More precisely, the invention relates to a non-invasive sensor based on the detection of a photothermal effect
or photoacoustic, in particular configured to measure one or more parameters in a target stratified environment, the
stratification of which may evolve over time. A measured parameter can for example be blood sugar in the skin.

TECHNOLOGY BACKGROUND

0003] In the field of sensors for living organisms, it is known to realize non-invasive sensors based on photoacoustic
or photothermal detection.

[0004] A zone of interest of an environment to be analyzed, called target, is irradiated by means of a laser beam of
chosen wavelength and modulation frequency depending on the parameter of interest to be measured. The laser
beam is absorbed by the target over a characteristic length which depends on the structuring of the target. Energy
absorption light causes local heating of the target. In reaction to this heating, a thermal wave of frequency equal to
the laser modulation frequency is generated in the target. This wave propagates in the target and in particular up to
the exterior surface of the target.

[0005] The thermal wave can be directly detected and analyzed. We then speak of photothermy. Photoacoustics
detection exploits the fact that the thermal wave is associated with a pressure wave frequency identical to the
modulation frequency.

[0006] In the case of photoacoustic detection indirect, we detect the pressure wave generated in the fluid external
environment when the thermal wave generated in the target reaches, after propagation, the interface target - fluid
external environment.

[0007] The photoacoustic effect has been the subject of numerous theoretical studies. Allan Rosencwaig and Allen
Gersho have notably developed a theoretical model of the photoacoustic signal. This model involves the physico-
chemical properties of the sample to be analyzed, including the optical diffusion length, the thickness and the
thermal diffusion length of the sample. (Rosencwaig, A. and Gersho, A. (1976), Theory of the photoacoustic effect
with solids, Journal of Applied Physics, 47, 64).

[0008] Hu et al. have developed a theory generalized photoacoustic effect in a stratified material. (Hu, H., Wang,
X., & Xu, X. (1999). Generalized theory of the photoacoustic effect in a multilayer material. Journal of Applied
Physics, 86, 3953-3958.)

[0009] Photoacoustic detection presents many advantages compared to other techniques of detection among which
we can cite the orthogonal aspect of transduction: the optical signal at the input of the environment to be analyzed
is converted into an acoustic signal which is very specific to the phenomenon to be observed and which allows the
use of inexpensive and miniaturized sensors.

[0010] The difficulty of photoacoustic detection or photothermal comes among others:

- the number of parameters generally influencing the detected signal and,
- for certain analytes of interest present in concentration weak in the environment to be analyzed, of the weak
proportion of the detected signal specific to each of these parameters of interest.

[0011] Photoacoustic or photothermal detection requires not only a choice of wavelength, but also a choice of
laser modulation frequency(ies). Indeed, the characteristic penetration length of the incident light wave into the
target depends on the laser modulation frequency. If the structure of the target (¢.g. the skin) changes over time,
the modulation frequency (ies) to be used to measure the parameter of interest (e.g. interstitial blood sugar) with
controlled accuracy and power consumption will also change over time.

[0012] Moreover, in a target stratified environment, reflections at the interfaces between the various strata give
rise to a multitude of so-called “secondary” and “tertiary” waves, from a so-called “primary” thermal wave
propagating towards the surface of the target environment, which are likely to interfere with one another, as many
authors have shown. The interference of thermal waves generated by the photothermal effect has been described
in the following documents:



- C. A. Bennett and R. R. Patty, “Thermal wave interferometry: a potential application of the photoacoustic

effect,”

Appl. Opt. 21, 49-54 (1982) ;

- Andreas Mandelis, “Theory of photothermal-wave diffraction and interference in condensed media,” J.
Opt. Soc. Am. A 6, 298-308 (1989) ;

- Andreas Mandelis and Kwan F. Leung, “Photothermal-wave diffraction and interference in condensed
media: experimental evidence in aluminum,” J. Opt. Soc. Am. A 8, 186-200 (1991). These interferences
are likely to affect the accuracy of a non-invasive sensor based on photoacoustic or photothermal
detection. In a target stratified environment whose stratification is likely to evolve, interference conditions
are also likely to evolve, since they depend on the structuring of the target environment. Consequently,
interference conditions are not constant over time.

[0013] The invention therefore aims to improve the accuracy of a non-invasive sensor in a target environment, in
particular a stratified and/or evolving one based on photoacoustic or photothermal detection, by taking account of
interference phenomena while controlling the energy consumption of this sensor, or to reduce the energy
consumption of this sensor while controlling its accuracy.

SUMMARY OF THE INVENTION

[0014] Thus, the invention relates to a method of measurement of a parameter of interest in a target environment
means of a non-invasive sensor based on the photoacoustic detection or photothermal detection. The measuring
method comprises :

a) a sensor is provided comprising :

- a light source,

- a device for controlling a plurality of irradiation parameters of the light source, the plurality of
irradiation parameters comprising at least one frequency for modulating the intensity of the light source,
- a detection cell configured to detect an acoustic or thermal signal (12),

- a memory in which is stored a nodal frequency chart comprising :

* for a plurality of groups of model configurations of the target stratified environment, each
comprising at least two model configurations of the target stratified environment differing from
one another only in the parameter of interest,

* and for a plurality of irradiation case groups, each comprising at least two irradiation cases
differing from one another only in a modulation frequency of a light source, each irradiation case
comprising a set of irradiation parameter values, a plurality of nodal multiplets, each nodal
multiplet comprising characteristics common to all the elements of a given group of model
configurations of the target stratified environment and a plurality of associated nodal modulation
frequencies, for which the acoustic or thermal signal detected by the detection cell in response to
irradiation by the light source exhibits a correlation below a predetermined threshold with the
parameter of interest ;

- and an adaptation module comprising a processor and exchanging information with the detection cell
and the light source irradiation parameter control device;

b) the adaptation module selects a model configuration of the initial target stratified environment
(CMirrad) for irradiation;
¢) the adaptation module processor :

- determines in the nodal frequency chart a plurality of nodal modulation frequencies associated with a
group of model configurations of the target stratified environment to which the chosen model
configuration of the stratified environment belongs,



- then determines at least one particular modulation frequency on the basis of said plurality of nodal
modulation frequencies,

- and determines a particular irradiation case for the selected model configuration of the target stratified
environment, the particular irradiation case comprising the at least one particular modulation frequency;

d) the light source irradiates the target stratified environment according to the set of irradiation parameters
of said particular irradiation case;

¢) the detection cell detects an acoustic or thermal signal generated in response to irradiation;

f) the adaptation module processor determines the parameter of interest on the basis of the acoustic or
thermal signal detected.

[0015] Thanks to these provisions, irradiation is carried out according to an irradiation case comprising a
modulation frequency of at least one light source, particular in that it has been chosen to take account of the nodal
frequencies corresponding to the model configuration of the target stratified environment chosen for irradiation. In
particular, the particular modulation frequency can be determined on the basis of two nodal frequencies, so that
the particular modulation frequency corresponds to a sensor sensitivity maximum (all other things being equal) for
the interval between these two modulation frequencies.

[0016] These provisions therefore make it possible to improve the sensitivity of the non-invasive sensor compared
with a sensor of the prior art that does not include this step of adapting the irradiation case by taking interference
phenomena into account.

[0017] Furthermore, it is possible to select a limited number of modulation frequencies for irradiation, for
example by retaining only the particular modulation frequency or a small number of modulation frequencies
comprising this particular modulation frequency. These provisions therefore make it possible to reduce irradiation
power while maintaining sensitivity identical to that of a prior art sensor.

[0018] According to one embodiment of the measurement method,

- the processor of the adaptation module (14) further implements an inverse modeling algorithm receiving
as input an irradiation case (Ij) and an acoustic or thermal signal and providing as output a model
configuration (CMKk) of the target stratified environment and a value of the parameter of interest,

- and step ) comprises the following steps :

f1) the adaptation module processor receives as input the acoustic or thermal signal detected by
the detection cell (12) and the particular irradiation case used for irradiation, and returns as output
from the inverse modeling algorithm a model configuration of the current target stratified
environment (CMmes) and an estimated parameter of interest value (Pest);
£2) the adaptation module processor (14) evaluates the chosen target stratified environment model
configuration (CMirrad) by comparison with the current target stratified environment model
configuration (CMmes), and only if this evaluation is unfavorable: g) the adaptation module (14)
receives as input the model configuration of the current target stratified environment (CMmes)
and returns as output a new model configuration of the target stratified environment chosen for
irradiation (CMirrad), then ¢), d), ¢) and 1) are repeated;
£3) the value of the parameter of interest measured (Pmes) by the sensor is the last value of the
parameter of interest estimated (Pest).

[0019] Thanks to these provisions, it is possible to obtain a blood sugar measurement with :

- cither a single irradiation (no execution of substep g, in the case of a favorable evaluation). This irradiation is
then carried out according to an irradiation case chosen by default but corresponding to controlled energy
consumption (the irradiation parameters being chosen from a limited number, for example). Step £2), which
evaluates the model irradiation configuration, ensures that the measurement accuracy is as high as possible for the
case in question, given the irradiation cases available in the correspondence table, which is an advantage over a
process in which step g) is not provided and for which this certainty is not available;

- or two irradiations (step f2) with execution of sub-step g), in the case of an unfavorable evaluation) and therefore
comprising a reiteration of ¢), d), ¢) and f1)). The second irradiation is then performed according to the irradiation
case that achieves the highest possible accuracy for the case in question in view of the additional information
acquired from the first irradiation and the irradiation cases available in the correspondence table. The accuracy of
the process is therefore known and improved compared to a process without step g). Furthermore, not only does
the selected irradiation case take account of interference phenomena for the model configuration chosen for the



first irradiation, but also the optimal nature of the model configuration with respect to the current state of the
stratified environment is verified, and if necessary another model configuration and another irradiation case
taking account of interference phenomena are chosen for a second irradiation on the basis of which the parameter
of interest will be determined.

[0020] In this way, the accuracy and/or sensitivity and/or energy consumption of the non-invasive sensor can
continuously be improved as the target stratified be evolves.

[0021] According to one embodiment of the measurement process, gl) further comprises reiterating £2) at the end
of f1).

[0022] Thanks to this arrangement, the choice of model configuration and irradiation case, taking into account
interference phenomena, is reiterated until the desired sensor performance in terms of accuracy and/or sensitivity
and/or energy consumption of the non-invasive sensor is achieved. So we don't limit ourselves to one or two
irradiations, three or more irradiations can ultimately achieve better sensitivity for the situation of the target
stratified environment at the moment of measurement than with one or two irradiations, or a better
sensibility/accuracy/energy consumption compromise. Once again, the energy consumption for each irradiation is
controlled by the fact that the number of irradiation parameters is limited for each irradiation case, and that these
irradiation parameters take account of interference phenomena, even if convergence is only achieved after three,
four, five or even ten successive irradiations, overall energy consumption can be controlled and, in particular, can
be lower than that which would be required to acquire a complete spectrum in irradiation frequency and/or
modulation frequency, while simultancously controlling and even improving measurement accuracy.

[0023] According to one embodiment of the measurement process, the process comprises in advance :

I- by means of a processor and a database of model configurations comprising multiplets (model
configuration of the target stratified environment, irradiation case, parameter of interest) and an acoustic
or thermal signal detected by the detection cell associated with each of said multiplets, a nodal frequency
chart is generated for :

- a plurality of groups of model configurations,

- and a plurality of groups of irradiation cases,

the nodal frequency chart comprises a plurality of nodal multiplets, each nodal multiplet comprising
characteristics common to all elements of a group of model configurations of the target stratified
environment and a plurality of associated nodal modulation frequencies,
and this nodal frequency chart is stored in the memory of the non-invasive sensor.
[0024] Thanks to this arrangement, a nodal frequency chart can be generated by simulation, i.¢. in silico, in a
much shorter time and covering a much more complete range of model configuration groups and irradiation cases
than if the chart had been generated manually. This arrangement further enhances sensor accuracy. It also reduces
the cost and manufacturing time of the non-invasive sensor.

[0025] According to one embodiment, the measurement method comprises:
II- a processor learns at least one inverse modeling algorithm from the configuration database models and storing
the at least one inverse modeling algorithm in the memory of the non-invasive sensor.

[0026] Thanks to this arrangement, one or more inverse modeling algorithms can be trained in an automated
manner, for example each adapted to a given model configuration and irradiation case or to a group of given
model configurations and irradiation cases, which makes it possible to gain in accuracy in the inverse problem
solving step required to determine a value of the parameter of interest from the photoacoustic or photothermal
signal detected signal.

[0027] According to one embodiment of the measurement process, at least some of the acoustic or thermal signals
detected by the detection cell associated with the multiplets stored in the database of model configurations are
simulated, i.c. they are generated by means of a computerized simulation device.

[0028] Thanks to this arrangement, a large number of irradiation case groups and configuration groups can be
generated by simulation, i.e. in silico, in a much shorter time and covering a much more complete range of model
configuration and irradiation case groups than is accessible through in vivo experience. This arrangement further
enhances sensor accuracy. It also reduces the cost and manufacturing time of the non-invasive sensor.

[0029] According to one embodiment of the measurement method, the particular modulation frequency
determined in step c) is a weighted average of at least two of said plurality of nodal modulation frequencies.
[0030] This embodiment takes account of the fact that the modulation frequency corresponding to the maximum
sensitivity with respect to the parameter of interest lies in the interval between two successive nodal modulation
frequencies, but that the characteristic penetration depth of the incident light wave decreases with modulation



frequency. It may therefore be advantageous, in order to improve the accuracy of the non-invasive sensor, not to
choose as a particular modulation frequency the arithmetic mean of two nodal modulation frequencies but rather a
weighted average of these nodal modulation frequencies, in particular by assigning a higher weight to the lowest
nodal modulation frequency.

[0031] According to one embodiment of the measurement method, the particular irradiation case for the chosen
model configuration determined by the adaptation module in step ¢) further comprises at least one nodal
modulation frequency.

[0032] This arrangement makes it possible to collect, in addition to information on the parameter of interest,
information on the configuration of the target stratified environment at the time of measurement independently of
the parameter of interest. In other words, nodal modulation frequencies make it possible to obtain information on
the characteristics of the target environment other than the parameter of interest with improved accuracy.

[0033] The invention also relates to a non-invasive sensor based on photoacoustic or photothermal detection
configured to measure a parameter of interest in a stratified target environment comprising :

- a light source (1 1a),

- a device for controlling the irradiation parameters of the light source (1 1a),

- a detection cell (12) configured to detect an acoustic or thermal signal,

- a memory in which is stored a nodal frequency chart comprising, for :

- a plurality of groups of model configurations of the target stratified environment, each comprising at
least two model configurations of the target stratified environment differing from one another only in the
parameter of interest,

- and a plurality of groups of irradiation cases, each comprising at least two irradiation cases differing
from one another only in a modulation frequency of a light source, each irradiation case comprising a set
of irradiation parameter values, a plurality of so called “nodal” multiplets, each multiplets comprising
characteristics common to all the elements of a given group of model configurations of the target stratified
environment and a plurality of associated nodal modulation frequencies, for which the acoustic or thermal
signal detected by the detection cell in response to irradiation by the light source exhibits a correlation
below a predetermined threshold with the parameter of interest,

the non-invasive sensor further comprising an adaptation module comprising a processor and adapted to
exchange information with the detection cell and the light source irradiation parameter control device,
the adaptation module being further configured to :

- select a model configuration of the initial target stratified environment,

- determine in the nodal frequency chart a plurality of nodal modulation frequencies associated
with a group of model configurations to which the chosen model configuration of the target
stratified environment belongs, determine at least one particular modulation frequency on the
basis of said plurality of nodal modulation frequencies and determine a particular irradiation case
for the chosen irradiation model configuration comprising the at least one particular modulation
frequency;

- transmit a particular irradiation case to the light source irradiation parameter control device,

- receive an acoustic or thermal signal detected by the detection cell,

- determine the value of the parameter of interest on the basis of the acoustic or thermal signal
detected.

[0034] In one embodiment of the non-invasive sensor, the processor of the adaptation module is further adapted
to:

- implement an inverse modeling algorithm receiving as input an irradiation case comprising a set of
irradiation parameters and an acoustic or thermal signal, and outputting a model configuration of the
target stratified environment and a value of the parameter of interest;

- determine by means of the inverse modeling algorithm a model configuration of the current target
stratified environment and a value of the parameter of interest estimated on the basis of a detected
photoacoustic or photothermal signal received and a chosen irradiation case,

- evaluate a chosen model irradiation configuration of the target stratified environment by comparison
with a model configuration of the current target stratified environment,

- determine a new model configuration of the chosen target stratified environment for irradiation when it
receives a model configuration of the current target stratified environment,



- determine the measured value of the parameter of interest on the basis of the last value of the parameter
of interest estimated.

[0035] According to an embodiment of the non-invasive sensor, at least two of the light source, the device for
controlling the irradiation parameters of the light source, the detection cell configured to detect an acoustic or
thermal signal, the memory in which a nodal frequencies chart is stored and

the adaptation module are mechanically independent of each other.

[0036] This type of implementation enables a distributed sensor to be formed, so that the space requirement or
weight is reduced at the level of the target stratified environment. In particular, the simulation module can be
deported for remote management, possibly shared between several users. Finally, the invention relates to a
computer program comprising instructions which lead the non-invasive sensor according to one of the preceding
embodiments to execute the steps of the measurement process according to one of the embodiments described
above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] Embodiments of the invention will be described below with reference to the drawings, briefly described
below:

Figure 1 represents the main elements of a non-invasive sensor 1 according to the invention, the non-invasive
sensor 1 in this case being positioned in contact with the target stratified environment 2.

Figure 2 is a simplified representation of the various transmitted and reflected thermal waves generated in a
bilayer stratified environment in response to laser irradiation.

Figures 3a and 3b show the amplitude of the thermal wave generated in response to irradiation as a function of
modulation frequency for various glucose concentrations, for two different target stratified environment.

Figure 4 shows a typical model of skin-type of a target stratified environment.

Figure 5 shows the steps of a measurement procedure according to the invention in a particular embodiment,
where a patient's interstitial blood sugar is to be measured.

Figure 6 shows the steps implemented by simulation module 15 to simulate a photoacoustic signal that would be
detected by a given photoacoustic cell in response to irradiation of a target stratified environment modeled using
the parameters of model configuration CMk according to the irradiation parameters of irradiation case Ij.

Figure 7 shows how an inverse model works.

Figure 8a shows the values predicted by the non-invasive sensor as a function of the actual values, in the case
where the target stratified environment is a patient's skin, modeled by a bilayer model (stratum corneum,
epidermis).

The thickness of the upper layer (modeling the stratum corneum) is equal to 14 mm, and the thickness of the
lower layer (modeling the epidermis) is considered infinite. Blood sugar is zero in the upper layer. The upper
layer is 20% water and the lower layer is 60% water. Irradiation is performed at the frequencies foptim = 1580
Hz, fnod1l =950 Hz and fnod2 = 4750 Hz corresponding to this model configuration.

Figure 8b shows the values predicted by the non-invasive sensor as a function of the actual values, in the case
where the target stratified environment is a patient's skin, modeled by a bilayer model (stratum corneum,
epidermis). The thickness of the upper layer (modeling the stratum corneum) is equal to 18 mm, and the thickness
of the lower layer (modeling the epidermis) is considered infinite. Blood sugar is zero in the upper layer. The
upper layer is 20% water and the lower layer is 60% water. Irradiation is carried out at frequencies foptim = 1580
Hz, fnod1 = 950 Hz and fnod2 = 4750 Hz, not corresponding to this model configuration (layer thickness equal to
18 mm) but corresponding to the model configuration used for figure 8a.

Figure 8c shows the values predicted by the non-invasive sensor as a function of the actual values, in the case
where the target stratified environment is a patient's skin, modeled by a bilayer model (stratum corneum,
epidermis). The thickness of the upper layer (modeling the stratum corneum) is equal to 18 mm, and the thickness
of the lower layer (modeling the epidermis) is considered infinite. Blood sugar is zero in the upper layer.

The upper layer is 20% water and the lower layer is 60% water. Irradiation is performed at the frequencies foptim
= 1000 Hz, fnod1 = 600 Hz and fnod2 = 1300 Hz corresponding to this model configuration.



DETAILED DESCRIPTION

[0038] The invention relates to a non-invasive sensor 1 for one or more parameters of a target stratified
environment 2, the structuring of which may possibly change over time. The target stratified environment 2 can
be, by way of example, a tissue of a human or animal organism, such as skin. The parameters to be measured are
hereinafter referred to as “parameters of interest”.

[0039] In particular, a parameter of interest may be a physiological parameter in the case where the stratified
environment is a human or animal tissue.

[0040] For example, the physiological parameter to be measured is blood sugar, in particular interstitial blood
sugar. It could also be a question of measuring the water content in a particular layer of the skin, or the lactate
concentration of a particular layer. These examples are not limitative.

[0041] The non-invasive sensor 1 may be portable and may enable continuous monitoring of the parameter(s) of
interest.

[0042] The non-invasive sensor 1 may be based on photoacoustic detection or photothermal detection. [0043] The
measurement method is particularly suitable for improving the accuracy of a non-invasive sensor based on
indirect photoacoustic detection, in which the non-invasive sensor 1 detects an acoustic wave generated in the
fluid surrounding the target stratified environment 2 in response to irradiation, while controlling its energy
consumption, or for reducing the sensor's energy consumption while controlling its accuracy. However, it is
entirely possible to implement this process on a non-invasive photothermal based sensor.

[0044] To simplify understanding, the example of indirect photoacoustic detection will be described in more
detail hereinafter, but generalization to a photothermal based sensor will be made without difficulty.

[0045] The non-invasive sensor 1 is shown schematically in Fig. 1 and comprises :

- an irradiation device 11 comprising a light source 11a, an intensity modulation device of this light
source 11b, a control device 11c at least one modulation frequency at which the intensity modulation
device 11b modulates the intensity of a light emitted by the light source 11a;

- at least one photoacoustic detection cell 12 detecting a signal generated in response to irradiation of a
target stratified environment 2 by the emitted light, for example directly or indirectly detecting a thermal
wave propagating in a target stratified environment 2;

- a signal processing module 13 configured to receive and process data from the at least one detection cell
12;

- an irradiation parameter and calibration model adaptation module 14;

- in some embodiments, a simulation module 15, remote or embedded with the other elements of the non-
invasive sensor 1.

[0046] In a particular embodiment, the light source 11a emits an intensity-modulated laser beam at at least one
particular wavelength towards the target stratified environment 2.

[0047] The at least one wavelength can be chosen as a function of one of the parameters of interest. By way of
example, the wave number 1034 cm™, corresponding to a glucose absorption peak, may be relevant if the non-
invasive sensor 1 is a blood sugar sensor.

[0048] In particular, the light source 11a may be a light-emitting diode (LED) or a laser chip. Alternatively, light
source 11a may comprise a quantum cascade laser (QCL) emitting in the mid-infrared region (MIR-QCL), an ICL
laser (“Interband Cavity Laser”), an internal or external cavity laser, a GaSb laser. These examples are not
limitative. The light source 11a can be chosen according to the target stratified environment 2 and/or the
parameters of interest.

[0049] The non-invasive sensor 1 may comprise several different and/or identical light sources 11a.

[0050] The non-invasive sensor 1 also comprises the circuits associated with the light source(s) 11a and at least
one control device 11c configured to control the frequency at which at least one intensity modulation device 11b
modulates the intensity of at least one light source 11a, so that the intensity of the light emitted by the light source
11a is modulated at an adjustable modulation frequency.

[0051] The intensity modulation frequency of a given light source 11a is referred to as fmod in the following.
[0052] The light source 11a can be intensity-modulated by any known electrical or mechanical means.

[0053] The light irradiating the target stratified environment 2 may be emitted continuously or pulsed by a given
light source 11a.

[0054] The light incident on the target stratified environment 2, emitted by the intensity-modulated light source(s)
11a, propagates to the target stratified environment 2 and then through the target stratified environment 2
(symbolized by solid arrows in Fig. 1). It is then progressively absorbed by the various constituents of this target



stratified environment 2, over a characteristic depth, noted zmax, which depends on the structure of the target
stratified environment 2 and its physico-chemical composition.

[0055] Absorption of the light energy causes local heating of the target stratified environment 2. As a result, a
thermal wave with a frequency equal to the modulation frequency of the light source propagates through the target
stratified environment 2 (symbolized by the dotted arrows in Figure 1), in particular towards the surface of the
target stratified environment 2. This thermal wave gives rise in the gascous environment outside the target to a
pressure wave of the same frequency, which propagates in this fluid environment, for example gascous,
surrounding the target stratified environment 2 and in particular in the photoacoustic detection cell 12
(phenomenon symbolized by alternating dotted arrows on figure 1). At this stage, the interference phenomenon of
interest to us is not described. It will be described later.

[0056] In the case of photoacoustic detection, the detection cell 12 comprises a chamber filled with a gas (e.g. air)
through which the acoustic wave propagates. The detection cell 12 also comprises one or more suitable sensors
placed in this chamber, for example facing the target stratified environment 2. For example, one or more
electroacoustic sensors configured to convert the pressure of the acoustic wave into an electrical signal, such as a
microphone or a piezoelectric transducer.

[0057] Each electroacoustic sensor is functionally connected to the signal processing module 13.

[0058] The signal processing module 13 may comprise an analog-to-digital converter configured to convert the
analog clectrical signal from the electroacoustic sensor into a digital signal.

[0059] The signal processing module 13 may comprise a synchronous detection device adapted to demodulate and
extract the signal of interest from the detected signal.

[0060] The signal processing module 13 optionally comprises an operational amplifier operatively connected to
the analog-to-digital converter and configured to amplify the electronic signal derived from the acoustic response
of the target stratified environment 2 transmitted by an electroacoustic sensor.

[0061] In example embodiments, the analog-to-digital converter is operatively connected to a digital signal
processor for digital signal processing.

[0062] The non-invasive sensor 1 according to the invention further comprises an adaptation module 14 for the
irradiation parameters and possibly the calibration model, as well as a simulation module 15. These two clements
will be described later, after having specified the origin of the technical problem to be solved, namely to provide a
non-invasive sensor 1 based on photoacoustic or photothermal detection of controlled precision and/or
consumption by taking into account interference phenomena.

Thermal wave interference phenomenon

[0063] Since the target stratified environment 2 comprises at least two overlapping layers with different physico-
chemical characteristics, it has at least one interface at which the incident wave can be reflected.

[0064] In a simple case, shown in Figure 2, in which the target stratified environment 2 comprises two layers 2A
and 2B, the upper layer 2A is in contact with the external environment at the 2A/ext interface and with the lower
layer at the 2A/2B interface.

[0065] The upper layer 2A is, for example, the stratum corneum of a patient's skin and the lower layer 2B is, for
example, the epidermis of a patient's skin in the case of a non-invasive sensor 1 adapted for blood sugar
measurement.

[0066] Even in such a simple case as this, the extensive description of the thermal wave generated in the target
stratified environment 2 requires the use of complex models, such as the so-called “Hu model”, described in Hu,
Hanping et al. “Generalized theory of the photoacoustic effect in a multilayer material.” Journal of Applied
Physics 86 (1999): 3953-3958. This model implicitly includes some thermal interference effects, but does not take
into account interference due to multiple reflections at interfaces. Other models propose to take these multiple
reflections into account, notably the one described by Cao, J. (2000); Interferential formulization and
interpretation of the photoacoustic effect in multilayered cells; Journal of Physics D: Applied Physics, 33(3), 200
[0067] Whatever the model chosen, the interference phenomenon has a significant impact on the amplitude of the
detected signal and consequently on the accuracy of the measurement. This impact depends on the structuring of
the target stratified environment 2.

[0068] A rough understanding of this impact can be gained from Figure 2, which is for educational purposes only.
In this case, a so-called “primary” thermal wave P is generated by the irradiation (symbolized by the dotted arrow)
at the 2A/2B interface. This primary wave P propagates towards the 2A/ext interface, where it is partially
reflected, giving rise to a first wave transmitted to the external environment T1 and a reflected wave R1. The
reflected wave R1 may itself be reflected at the 2A/2B interface, giving rise to a transmitted wave T2 and a
reflected wave R2. The reflected wave R2 will itself give rise, after propagation towards the 2A/ext interface, to a
second wave transmitted into the external environment T2 and a reflected wave R3, and so on.



[0069] All the waves transmitted into the external environment T1, T2,..., are likely to interfere with each other,
so that the amplitude of the acoustic wave formed in the external environment in response to irradiation is
affected. In this case, we can show that the amplitude of the thermal wave at the 2A/air interface has the

expression : .
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Where:
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RZA/ 2B _e.4~eds the thermal reflection coefficient at the 2A/2B interface
24/ext T G ... ) . .
/ex c242t%eig the thermal reflection coefficient at the 2A/ext interface
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- e247*¢018 the thermal transmittance at the 2A/ext interface

- o 1s the thermal diffusivity of environment 2A
- I7 is the thickness of layer 2A
- &4, €28, €t are the respective thermal effusivities of layer 2A, layer 2B and the external environment

[0070] The thermal effusivity and thickness of layer 2A can, in the case of our target stratified environment 2,
vary over time. In particular, in the case where the target stratified environment 2 is the skin and the non-invasive
sensor 1 is a blood sugar sensor, the thickness of the skin layers, their water concentrations and their glucose
concentrations, which are likely to affect the different thermal effusivities, thus change over time, so that at the
same detection site, the photoacoustic or photothermal signal is affected.

[0071] It is therefore understood that the accuracy and sensitivity of the measurement of the parameter of interest,
for example blood sugar, on the basis of the photoacoustic and photothermal signal depends on the information
available concerning these interference phenomena.

[0072] We emphasize here the difficulty of accessing this information in the case of an evolving target stratified
environment 2, where the characteristics of the different strata change over time. To solve this problem, the
inventors have developed a simulation module 15 which will be described in detail below and which, among other
things, simulates the photothermal signal associated with an irradiation whose characteristics (power,
wavelength(s), modulation frequency(ies), etc.) are known, the target stratified environment 2 also being modeled
by a multilayer environment whose characteristics (thickness, composition, etc.) are known, on the basis of a
multiphysics analytical model that at least implicitly takes thermal interference phenomena into account. This
simulation module 15 has enabled extensive in silico experiments to be carried out, some of the results of which
are shown in Figures 3a and 3b.

[0073] In Figure 3a, the target stratified environment 2 is the skin, modeled by a bilayer model (stratum corneum,
epidermis). The thickness of the upper layer (modeling the stratum corneum) is equal to 14 mm, that of the lower
layer (modeling the epidermis) is equal to 10 mm.

layer (modeling the epidermis) is considered infinite. Blood sugar is zero in the upper layer. The upper layer is
20% water and the lower layer is 60% water.

[0074] The skin model is irradiated (simulated) with an intensity-modulated 1034 cm! laser at an intensity
modulation frequency plotted on the x-axis. The amplitude of the simulated thermal response wave generated in
response to irradiation is plotted on the ordinate as a function of the modulation frequency for different blood
sugar values of lower-layer (50 mg/L; 500 mg/L and 1000 mg/dL).

[0075] Unexpectedly, the inventors have observed the existence of so-called “nodal” modulation frequencies in
the vicinity of which the amplitude of the thermal wave is independent of the parameter of interest, to be precise
the blood sugar.

[0076] In the case of figure 3a, two nodal modulation frequencies can be observed, namely fnodl =950 Hz and
fnod2 = 4,750 Hz, but there are others outside the modulation frequency range shown in figure 3a. These nodal
modulation frequencies can be explained by the phenomenon of thermal wave interference within the target
stratified environment 2.

[0077] Nodal modulation frequencies correspond to a response wave generated in the environment whose
amplitude is weakly correlated to the parameter of interest, or even independent of the parameter of interest (in
this case: interstitial blood sugar), so the signal detected at such a modulation frequency cannot be used to
determine this parameter of interest. In the case of figure 3b, the target stratified environment 2 is the skin,



modeled by a bi-layer model (stratum corneum, epidermis). The thickness of the upper layer (modeling the
stratum corneum) is this time equal to 18 mm, while that of the lower layer (modeling the epidermis) is
considered infinite. Blood sugar is zero in the upper layer. The upper layer is 20% water and the lower layer is
60% water.

[0078] The skin model is irradiated (simulated) with an intensity-modulated 1034 cm™ laser at a modulation
frequency plotted on the x-axis. The amplitude of the simulated thermal response wave generated in response to
irradiation is plotted on the ordinate as a function of the modulation frequency for different blood sugar values of
lower-layer (50 mg/L; 500 mg/L and 1000 mg/L).

[0079] Nodal modulation frequencies are again observed, in this case fnod1l = 600 Hz and fnod2 = 3000 Hz, but
these nodal modulation frequencies are different from those obtained in the situation of figure 3a, as expected due
to the change in thickness of layer 2A from 14 mm to 18 mm.

[0080] Generally speaking, the extensive in silico experiments carried out by the inventors have therefore enabled
them to observe the following facts:

- there are nodal modulation frequencies, in the vicinity of which the amplitude of the thermal wave
generated in response to irradiation is weakly correlated to the parameter of interest, or even independent
of the parameter of interest. Note that if the scale of Figures 3a and 3b is enlarged, it is not really a
question of a single nodal modulation frequency, but of a restricted range of frequencies in which the
thermal amplitude varies very little when the parameter of interest varies;
- the values of the nodal modulation frequencies depend on the characteristics of the target stratified
environment 2, namely the thicknesses and compositions of the various layers that make it up.
[0081] It is very difficult to carry out sufficient in vivo observations to obtain such curves. These observations
have therefore only been made possible by the simulator developed by the inventors. These observations are
therefore new and make it possible to envisage a non-invasive sensor 1 that takes account of interference
phenomena.
[0082] On the basis of these observations, the inventors have designed a non-invasive sensor 1 and a method for
detecting a parameter of interest that is improved on the prior art, which will now be described in greater detail.
[0083] In the non-invasive sensor 1, nodal modulation frequencies can be taken advantage of in the context of the
non-invasive sensor 1 thanks to the adaptation module 14 that characterizes it and, in a particular embodiment to
the simulation module 15.

Adaptation module 14

[0084] Adaptation module 14 is a computerized device comprising at least one processor:

- which can exchange information where appropriate with the simulation module 15 described below;

- which can receive information from the detection cell 12 and/or the signal processing module 13 if
applicable ;

- and which can transmit information to the control device(s) 11c of at least one irradiation parameter of
the light source 11a (e.g. a modulation frequency at which the intensity modulation device 11b modulates
the intensity of a light emitted by the light source 11a, the wave number of a light emitted by the light
source 11a, the light power of the light source 11a, ...).

[0085] The steps implemented by a non-invasive sensor 1 comprising an adaptation module 14 for a measurement
of the parameter of interest are schematically shown in figure 5 in a particular embodiment and in the case where
the target stratified environment 2 is the skin and the parameter of interest is interstitial blood sugar.

[0086] The non-invasive sensor 1 further comprises a memory for storing a database of model configurations, a
nodal frequency chart and one or more inverse models which are described below.

[0087] This storage memory can be distributed and/or shared in/with the adaptation module (14) and/or the
simulation module (15).

[0088] The adaptation module (14) carries out the process steps for selecting the irradiation parameters for the
measurement on the basis of the nodal frequency chart, and for determining the most suitable, i.c. the most
accurate, inverse model for calculating the measured parameter from the signal detected for that particular
measurement. We will describe these steps after describing the steps for generating the database of model
configurations and the nodal frequency chart.

[0089] The model configuration database and the nodal frequency chart can be generated from a simulation
module 15, embedded in sensor 1 or remote. If the simulation module is remote, the non-invasive sensor 1
includes communication means for the simulation module 15 and the adaptation module 14 to exchange data.



Simulation module 15

[0090] The simulation module 15 is a computerized device configured to generate a set of model configurations
each corresponding to (or alternatively modeling or describing) a particular state of the target stratified
environment 2, a set of irradiation cases (each comprising at least one irradiation parameter such as light power,
wavelength and modulation frequency) of the target stratified environment 2 and the photoacoustic signals (or
where appropriate photothermal) theoretically detected in response to each irradiation case for each model
configuration CMk of the target stratified environment 2 from analytical models of the target stratified
environment 2 and the photoacoustic (or photothermal, as the case may be) detection cell 12, as shown in figure 6.
[0091] This simulation module 15 is particularly relevant in our case, where the target stratified environment 2 is
evolving over time and/or stratified. In this case, the target stratified environment 2 adopts different actual
configurations over time (one or more concentrations vary within one or more layers of the target stratified
environment 2, one or more dimensions such as, for example, the thickness of one of the layers of the target
stratified environment 2 vary), each of which can be modeled by a particular model configuration.

a) Multiphysics analytical model of target stratified environment 2

[0092] The stratified target medium 2 to be analyzed is modeled as shown in figure 4. The target medium 2
separates an outer medium A from an inner medium B and is composed of a succession of N layers whose
interfaces are, for example, assumed to be locally planar.

[0093] Each layeri (i € [1, N]) is described by the parameter(s) of interest and a number of explicit parameters
(referred to as level 1 parameters as their values will be provided as input to the simulation module 15 for each
simulation) appropriate for the target stratified environment 2 under consideration. For example, if the target
stratified environment 2 is the skin, and the aim is to measure a glucose concentration in a layer j of this target
environmrnt 2, the target environment 2 will be described by its number of layers N, the concentration [Glc]j of
interest, and each layer i can be described for the modeling by its thickness ¢i, its water concentration [H20]i.
Glucose concentrations [Glc]i for i# j may also be taken into account. In this case, the values of ei (i € [1, N]),
the [H20]i concentrations (i € [1, N]) and [Glc]i concentrations for (i € [1, N] i#j) are level 1 parameters.
[0094] The list of level 1 parameters can be extended if more precise modeling is desired. In particular, the
concentrations of other skin components such as fats, lactate, oxygen, etc., can be included in the list of level 1
parameters describing a skin layer.

[0095] Again for the skin example, it may be possible to take account of skin color, patient age, or any other
anthropometric parameter, so as to expand or restrict the space of possible models.

[0096] Non-explicit parameters of the target stratified environment model 2 (called level 2 parameters because
they are not provided as input to the simulation module 15) can be calculated by means of analytical models. For
example, the thermal conductivity, thermal capacity, density or absorption coefficient at each wavelength of each
layer of the target stratified environment 2 can be deduced from level 1 parameters and known equations. As the
parameter of interest plays a special role, it is not included in the list of level 1 parameters. Depending on the
process step, this parameter of interest may or may not be known: its value is known in order to carry out
simulations using the simulation module 15, but it is of course unknown in the case of an actual measurement
with the non-invasive sensor 1.

[0097] The number of layers N of the target stratified environment 2 can also be a model variable. Again in the
skin example, depending on the physiological situation, N may be greater than or equal to two. Thus, for certain
physiological situations, the skin may be correctly described by two layers, the first corresponding to the stratum
corneum, whose glucose concentration may, for example, be low, and the second to the rest of the skin, the
glucose concentration of the second layer being assimilated to the interstitial glucose concentration to be
measured.

[0098] For other situations, a model with three or more layers may be more appropriate. In the latter case, the
water concentration of a layer may, for example, increase with the depth of the layer.

[0099] N may therefore not be a constant.

[0100] In the case of the skin, the external medium A is generally the atmosphere surrounding the patient, which
also fills the photoacoustic detection cell.

[0101] Simulation module 15 implements a multiphysics analytical stratified environment 2 model based, for
example, on physical and/or chemical equations such as, by way of non-limiting example, the Beer-Lambert
equations for optical absorption and the thermodynamic equations of heat (Fourier law and conservation laws).
[0102] A model configuration CMk (k positive integer) of target stratified environment 2 corresponds to (or
models) a particular state of the given target stratified environment 2. This particular state is assumed to be



correctly represented by giving the number of layers N and the values of the level 1 parameters for cach layer.
[0103] For each CMk model configuration, the multiphysics analytical model makes it possible, if the parameter
of interest is also known, to simulate the thermal wave generated at the layer 1/outer environment A interface
(interface 1/A) in response to irradiation by a light source 11a whose irradiation parameters are known, namely
for example the modulation frequency fmod, the wavelength 1 and the power flux density.

[0104] Alternatively, the multiphysics analytical model can be used to simulate the pressure wave generated in the
external environment A.

[0105] In both cases, the signal obtained at the output of a processor implementing the multiphysics analytical
model is called the “simulated response wave”.

[0106] The simulated response wave can be provided as input to a processor implementing the detection cell
model.

b) Detection cell model

[0107] The non-invasive sensor 1 based on photoacoustic or photothermal detection comprises a photoacoustic
detection cell 12 (respectively photothermal) configured to detect and analyze the pressure wave (respectively
thermal wave) generated in the external environment A when the thermal wave generated in the target stratified
environment 2 in response to irradiation reaches the interface 1/A.

[0108] The entire detection cell 12 can be modeled analytically. From a response wave simulated by the
multiphysics analytical model, which would theoretically be received at the input of the detection cell 12, the
detection cell 12 model predicts the output signal of the detection cell 12.

[0109] Various models can be envisaged.

[0110] For example, in the case of indirect photoacoustic detection, the parameters of the model of the detection
cell 12, hereinafter referred to as cell parameters, may include its dimensions (i.e. vent size, cell height, etc.),
thermodynamic state parameters (temperature, atmospheric pressure, relative or absolute humidity, etc.). In
particular, the photoacoustic detection cell can be modeled by means of an equivalent RLC circuit. By way of
example, a model derived from the model described in Dehe, Alfons et al. “The Infineon Silicon MEMS
Microphone.” (2013) may be suitable.

[0111] It is possible to include in this photoacoustic detection cell model a model of the signal processing step
carried out by the signal processing module 13 if applicable, so as to generate, from each simulated response wave
generated by the processor implementing the analytical multiphysics model, the signal theoretically obtained at
the photoacoustic detection cell output (and if applicable after signal processing by the signal processing module
13) which corresponds to it.

[0112] The processor of simulation module 15 can be configured to implement the photoacoustic detection cell
model.

[0113] Thanks to the multiphysics analytical model of the stratified target environment 2 and the model of the
detection cell 12, a global analytical model is thus available which allows, given the model configuration CMk of
the stratified target medium 2 and the irradiation case Ij, and provided that the parameter of interest is also
supplied (which can indeed be chosen, since this is a simulation), makes it possible to predict the signal expected
at the output of the detection cell 12 or, where applicable, the signal processing module 13. This is shown in
Figure 6.

[0114] The multiphysics analytical model is chosen to take account, at least implicitly, of thermal wave
interferences. In a particular embodiment, it can take these interferences into account explicitly.

[0115] Alternatively, it can take into account all or part of the multiple reflections at the interfaces of the target
stratified environment 2.

[0116] In summary, the simulation module 15 therefore receives as input the parameters of the model
configuration CMk of target stratified environment 2, i.e. the number of layers N of target environment 2 and the
level 1 parameters for cach layer, as well as the parameter of interest and the irradiation parameters of irradiation
case [j. As an output, the simulation module 15 provides the theoretically expected signal at the output of the
detection cell 12 or, where applicable, the theoretically expected processed simulated signal at the output of the
signal processing module 13 for the model configuration CMk of target environment 2, referred to as the
simulated output signal.

[0117] The simulated output signal can be stored in memory in the form of a Fourier spectrum.

[0118] The multiplets {target environment CMk model configuration 2, irradiation case Ij, parameter of interest,
amplitudes and phases of the simulated output signal components} can be stored in a model configuration
database.



Database of model configurations

[0119] A large number of model configurations CMk can therefore be generated, possibly automatically and/or
randomly, each model configuration CMk corresponding to a number of layers N and a set of level 1 parameters,
and optionally to a value or range of values of the parameter of interest, describing a particular situation of the
target stratified environment 2 of interest.

[0120] For each model configuration CMKk, a large number of irradiation cases Ij can be generated, possibly
automatically and/or randomly, each irradiation case corresponding to a set of irradiation parameters describing
the parameters of the light source(s) 11a used for irradiation.

[0121] An irradiation case Ij may therefore comprise one or more frequencies for modulating the intensity of one
or more lasers, the wavelength of each of these lasers and optionally the power irradiated by each laser.

[0122] By means of simulation module 15, the amplitude and phase of each component of the simulated output
signal obtained at the output of the processor of simulation module 15 implementing the global analytical model
comprising in cascade the multiphysics analytical model and the detection cell model are calculated for each
model configuration CMk for each irradiation case Ij, a value of the parameter of interest also being provided.
[0123] The irradiation cases Ij may be the same for several different model configurations CMk, and possibly
several values of the parameter of interest, or different from one model configuration CMk to another and/or from
one value of the parameter of interest to another. Once the simulations have been carried out, all these CMk model
configurations, irradiation cases, parameters of interest and associated simulated photoacoustic (or photothermal)
signals can be stored in a model configuration database in the form of multiplets {model configuration CMk,
irradiation case Ij, parameter of interest, amplitude and phase of simulated output signal components}.

[0124] The generation of CMk model configurations and/or Ij irradiation cases may not be completely random.
[0125] The generation of CMk model configurations may, among other things, be based on physio- logical
considerations to restrict the space of possibilities to physiologically realistic model configurations. For example,
the possible thicknesses of the first skin layer can be limited to the range [8 mm, 40 mm] that is actually observed
experimentally, and the water concentrations of this layer can be limited to a restricted range for each thickness,
the water concentration of the stratum corneum being correlated with its thickness.

[0126] In particular, the generation of irradiation cases can take into account the limitations of the light sources
11a available for a given non-invasive sensor 1 in wavelength and/or power, or the modulation frequency ranges
relevant to the type of target stratified environment 2 to be analyzed, or the wavelengths relevant to the
parameter(s) of interest.

[0127] Alternatively, the database of model configurations may comprise only multiplets {model configuration
CMLK, irradiation case Ij, parameter of interest, amplitudes and phases of the signal components actually
measured} obtained by experiments in real life situations, or comprise both such multiplets obtained in real life
situations and multiplets obtained by simulation.

Inverse model

[0128] One or more artificial intelligence models can be trained in the simulation module 15 from the model
configuration database.

[0129] After learning, the artificial intelligence model is able to solve the inverse problem, i.e. to find the
parameter(s) of interest and the model configuration CMk of target environment 2, i.e. the number of layers N and
the level 1 parameters, knowing the simulated photoacoustic or photothermal signal and the irradiation parameters
of the irradiation case, as shown in figure 7.

[0130] The learned model, hereinafter referred to as the inverse model, can be transmitted to the adaptation
module 14 and stored in memory of this model.

[0131] Several different inverse models can be learned, with different training sets and/or training rules.

Nodal frequency chart

[0132] We have already seen that a large number of model configurations CMk can be generated, possibly
automatically and/or randomly, each model configuration CMk corresponding to a number of layers N and a set
of level 1 parameters, and optionally to a value or range of values of the parameter of interest, describing a
particular situation of the target stratified environment 2 of interest.

[0133] Groups GMp of model configurations can therefore be generated, with two model configurations in the
same group differing only in the value of the parameter of interest.

[0134] For each model configuration CMk, we have also seen that a large number of irradiation cases Ij can be
generated, possibly automatically and/or randomly, each irradiation case corresponding to a set of irradiation



parameters describing the parameters of the light source(s) 11a used for irradiation.

[0135] It is therefore also possible to generate groups Glq of irradiation cases, with two irradiation cases in each
group Glq of irradiation cases differing only in the modulation frequency of a light source 11a.

[0136] For a group GMp of model configurations CMk which differ from one another only in the value of the
parameter of interest, the amplitude curves of the detected signal as a function of the modulation frequency of the
light source can be generated by means of simulated irradiations with a given group of irradiation cases Glq, with
only the modulation frequency varying from one irradiation case to another. This is how Figures 3a and 3b were
obtained.

[0137] From these curves, possibly by means of the processor of the simulation module 15 or the processor of the
adaptation module 14, at least one nodal modulation frequency can be determined for this set of model
configurations GMp.

[0138] It is therefore possible to determine a plurality of multiplets, hereinafter referred to as nodal multiplets.
Each nodal multiplet comprises :

- characteristics common to all the elements of a given GMp group of model configurations of the target
stratified environment (number of layers, layer thicknesses, concentrations ... excluding the parameter of
interest which varies from one element of the GMp group to another ;

- and a plurality of nodal modulation frequencies associated with this GMp group, for which the acoustic
or thermal signal detected by the detection cell in response to irradiation by the light source exhibits a
correlation below a predetermined threshold with the parameter of interest.

[0139] A nodal frequency chart can therefore be generated from the database of model configurations, for
example using simulation module 15.

[0140] Once the simulations have been carried out, this nodal frequency chart can be stored in a memory of the
simulation module, the chart comprising at least one plurality of nodal multiplets each comprising at least the
characteristics common (or the set of irradiation parameters common) to a group of GMp model configurations
and a plurality of associated nodal modulation frequencies.

[0141] The nodal multiplets may optionally comprise one or more so called particular frequencies, noted foptim,
for which the sensor sensitivity is maximum in the modulation frequency range delimited by two (possibly
successive) nodal modulation frequencies for the concerned parameter of interest.

[0142] Such a particular modulation frequency foptim can be observed in zone 1 shown in figure 3a.

[0143] In one embodiment, a particular modulation frequency is determined by means of the processor of
simulation module 15 or adaptation module 14 on the basis of a weighted average of at least two successive nodal
modulation frequencies.

[0144] At this stage, the elements required to implement the measurement process according to the invention are
ready.

[0145] It is already understood that, thanks to the nodal frequency chart, it will be possible to choose the
irradiation parameters to take account of interference phenomena and thus reduce the number of irradiation
modulation frequencies required to satisfy one or more optimization criteria, in particular among an energy
consumption criterion, a sensitivity criterion and an accuracy criterion.

[0146] The nodal frequency chart can be stored in a memory of adaptation module 14 or simulation module 15 or
another memory of non-invasive sensor 1.

[0147] Alternatively, the nodal frequency chart is generated from data obtained via in vivo experiments. In this
embodiment, the simulation module 15 is not required.

[0148] In another embodiment, the nodal frequency chart is generated both from data obtained in silico using the
simulation module and from data obtained in vivo.

Process for measuring the parameter of interest

[0149] A particular embodiment of the method for measuring the parameter of interest by means of the
non-invasive sensor 1 based on indirect photoacoustic or photothermal detection is shown in Figure 5. It
comprises the following steps:

a) Initialization:



[0150] Adaptation module 14 selects an initial model configuration of target stratified environment 2 for
irradiation on the basis of predetermined criteria. For example, in Figure 5, the initial CMirrad model
configuration is the CMk model configuration.

[0151] Various options are available for this initialization.

[0152] In particular, in the case of interstitial blood sugar measurement from the model configuration database
and/or from a database of experimental measurements, an average set of level 1 and blood sugar parameters can
be determined for a patient population or for a given patient. This average parameter set corresponds to an initial
model configuration CMk of the target stratified environment 2, which has the highest probability of being the
most suitable for the forthcoming measurement in the absence of any other information, and in particular in the
absence of a measurement history.

b) Adaptation of irradiation parameters
[0153]

1- From the nodal frequency chart, the processor of adaptation module 14 determines a plurality of nodal
modulation frequencies fnod associated with the group GMp of model configurations of the target
stratified environment to which the initial model configuration CMirrad belongs;

2- Then it determines at least one particular modulation frequency foptim on the basis of this plurality of
nodal modulation frequencies. The at least one particular modulation frequency foptim can be a
modulation frequency for which the sensor sensitivity is maximum in the modulation frequency range
delimited by two (possibly successive) nodal modulation frequencies for the parameter of interest
concerned. In one embodiment, the at least one particular modulation frequency foptim is determined by
means of the processor of simulation module 15 or adaptation module 14 on the basis of a weighted
average of at least two successive nodal modulation frequencies.

3- And finally, it determines on the basis of these nodal modulation frequencies a particular irradiation
case for the model configuration of the target stratified environment 2 CMirrad, which is an irradiation
case comprising at least the particular irradiation frequency foptim for the initial model configuration
CMirrad. In particular, the particular irradiation case can be denoted Iopt.k since it is optimized with
respect to a criterion for taking interference phenomena into account.

c) First irradiation: The target environment 2 is irradiated for the first time, at least one of the light
source(s) 11a being configured according to the set of irradiation parameters corresponding to the
particular irradiation case.

d) PA detection :

[0154] The actual photoacoustic signal generated in response to irradiation is detected by mean of the
photoacoustic detection cell 12.

[0155] If necessary, the signal processing module 13 receives and processes this actual photoacoustic
signal and, after processing, transmits it to the adaptation module 14.

e) Determination of the parameter of interest

[0156] The processor of adaptation module 14 determines the parameter of interest, in this example blood sugar,
on the basis of the detected photoacoustic or photothermal signal.

[0157] Several embodiments of step ¢) are possible.

[0158] In particular, the processor of adaptation module 14 can implement a single inverse model.

[0159] Alternatively, the processor of adaptor module 14 can use an operating law to deduce a blood sugar value
from the detected signal.

[0160] In the most sophisticated embodiment shown in Figure 5, step ¢) can be broken down as follows:

el) Solving the inverse problem
[0161] The processor of adaptation module 14 implementing the learned inverse model(s) (and in particular at

least that corresponding to model configuration CMk of target stratified environment 2 used for irradiation)
receives as input the actual photoacoustic or photothermal signal and the particular irradiation case selected for



irradiation, noted for example lopt.k, and determines the current target stratified environment 2 model
configuration, noted CMmes, as well as the parameter of interest (as shown in figure 7).

e2) Validation of the model configuration

[0162] The adaptation module 14 compares the current stratified target environment 2 model configuration
CMmes with the model configuration CMirrad used for irradiation (model configuration CMk from the
initialization step for the first measurement, model configuration CM< possibly different for a subsequent
measurement).

[0163] Case 1) If the measured stratified target environment 2 model configuration CMmes is identical to the
model configuration CMirrad that was used for irradiation, the plurality of nodal modulation frequencies used to
determine the particular modulation frequency foptim and consequently the chosen irradiation parameters, i.¢. the
particular irradiation case, were adapted to the physiological situation being measured. In other words, the
particular irradiation case selected was optimized to take account of interference phenomena for the current
physiological situation (which, it should be remembered, is not known a priori and evolves over time), as was the
inverse model used to determine the parameter of interest. Consequently, the parameter of interest determined in
step el) by adaptation module 14 is the result of the measurement.

[0164] Case 2) If the measured target stratified environment model configuration 2 CMmes is different from the
model configuration CMirrad, the adaptation module processor then searches the nodal frequency chart for a new
plurality of nodal modulation frequencies, this time corresponding to the group of model configurations GMp' to
which the new target stratified environment model configuration CMmes belongs, and determines, on the basis of
this plurality of nodal modulation frequencies, a particular new irradiation case which comprises at least one
modulation frequency foptim determined on the basis of the plurality of nodal modulation frequencies for the
target stratified environment model configuration 2 CMmes. The particular new irradiation case is, for example,
denoted Iopt. <, as it is optimized to take account of interference phenomena for the physiological situation. The
adaptation module processor 14 transmits the corresponding parameters to the irradiation device 11.

[0165] The target stratified environment 2 is then irradiated again (subsequent irradiation) according to the
irradiation parameters of irradiation case lopt. <. Then steps d) for detecting and, if necessary, processing the
photoacoustic or photothermal signal and 1) for solving the inverse problem are reiterated.

[0166] The process may also include a step ¢2) for validating the model configuration.

[0167] Alternatively, the process may also comprise a reiteration of step e2) for validating the model
configuration.

[0168] In any case, in step ¢), the model configuration of the target stratified environment 2 being CMmes may be
different from the model configuration CMirrad. In fact, CMirrad has been chosen

- either according to the initialization criteria (in which case CMirrad is the “average” model
configuration, particularly in the absence of measurement history on the patient. This is the case for the
first irradiation) ;
- or on the basis of the previous measurement (CMirrad is then the most suitable model configuration for
the patient, knowing the measurement result following the previous irradiation).
[0169] CMirrad is therefore validated using additional information acquired from the current irradiation, namely
the signal detected by photoacoustic detection cell 12. If, by chance, CMmes = CMirrad, no further irradiation is
required and the value of the parameter of interest is indeed the most accurate that could be obtained, but the
model configuration validation step has provided additional information, namely confirmation that the
measurement accuracy is indeed maximum for this case.
[0170] In the case where CMmes is different from CMirrad, adaptation of the irradiation parameters and of the
model configuration makes it possible to increase the accuracy of the measurement at the cost of at least one
additional irradiation, but with energy consumption still under control, and thanks to the second validation step, to
confirm that the accuracy of the measurement is indeed maximum. If the validation step is allowed to be repeated
(as shown in Figure 5), the process output acquires the additional information that the measurement accuracy is
indeed maximum.
[0171] In general, in this case, the measurement result of the parameter of interest is obtained after the first
irradiation or after two irradiations. However, to ensure that the process converges and/or to limit energy
consumption, the number of steps required to validate the model configuration can be limited.
[0172] In all cases, therefore, it can be seen that selecting an irradiation case on the basis of the nodal frequency
chart makes it possible to limit the number of modulation frequencies and wavelengths used for irradiation,
retaining only those values that provide non-redundant information on the current physiological target
environment 2 model configuration and are sufficient to obtain the desired measurement accuracy and/or optimal
for limiting sensor power consumption to a predetermined value.



[0173] In particular, the particular modulation frequency or frequencies of the sources are selected to take account
of interference phenomena: a particular modulation frequency foptim is a modulation frequency for which the
measurement sensitivity is greatest between two nodal modulation frequencies. Choosing an irradiation case with
at least one particular modulation frequency increases the sensor's sensitivity without increasing its power
consumption.
[0174] This can be seen from Figures 8a, 8b and 8c: to obtain these three figures, three successive situations were
simulated. For all three figures, the target stratified environment 2 is a patient's skin, modeled by a bilayer model
(stratum corneum, epidermis). The thickness of the top layer (modeling the stratum corneum) is equal to 14 mm
for figure 8a, and it is assumed that an event varies this thickness so that it evolves and becomes equal to 18 mm
when the measurements for figure 8b and figure 8c are taken. The thickness of the lower layer (modeling the
epidermis) is considered infinite. Blood sugar is zero in the upper layer. The upper layer is 20% water and the
lower layer is 60% water.
[0175] The nodal frequency chart is used by the processor of adaptation module 14 to determine a plurality of
nodal frequencies for the initial situation (stratum corneum thickness equal to 14 mm) and to determine the
irradiation case to be used for this situation on the basis of these nodal frequencies. In this case, to obtain the
measurement points shown in figure 8a, the skin model is irradiated (in a simulated way) with a laser of wave
number 1034 cm-1 modulated in intensity at the three modulation frequencies foptim = 1580 Hz, fnodl = 950 Hz
and fnod2 = 4750 Hz determined from figure 3a.
[0176] Similarly, the nodal frequency chart enables the processor of the adaptation module 14 to determine a
plurality of nodal modulation frequencies for the final situation (stratum corneum thickness equal to 18 mm) and
to determine the irradiation case to be used for this situation on the basis of these nodal frequencies. In this case,
to obtain the measurement points shown in figure 8c, the skin model is irradiated (in a simulated way) with a laser
of wave number 1034 cm-1 modulated in intensity at the three modulation frequencies foptim = 1000 Hz, f'nodl =
600 Hz and f'nod2 = 3000 Hz determined from figure 3b.
[0177] In contrast, to obtain the measurement points shown in Fig. 8b, the skin model is irradiated with a laser of
wave number 1034 cm-1 intensity modulated at the three modulation frequencies specifically adapted to the skin
model shown in Fig. 8a, namely foptim = 1580 Hz, fnodl = 950 Hz and fhod2 = 4750 Hz.
[0178] We can see that in the case where the irradiation case is selected on the basis of nodal modulation
frequencies adapted to the current physiological situation, i.e. for Figures 8a and 8c, the mean square deviation
(RMSE) between the predicted and actual values is acceptable (18.5 mg/dL and 15.4 mg/dL respectively). On the
other hand, if nodal modulation frequencies are inappropriate (as in figure 8b), the mean square deviation (RMSE)
between predicted and actual values deteriorates sharply, reaching 28.4 mg/dL in this case.
[0179] It is therefore clear that, while the choice of a limited number of modulation frequencies on the basis of the
nodal modulation frequencies makes it possible to control the power consumption of the non-invasive sensor, the
adaptation of the nodal modulation frequencies (on the basis of which the particular modulation frequencies are
determined) to the current physiological situation also makes it possible to control the accuracy of the non-
invasive sensor 1, for example in such a way that the mean square deviation or any other quantity making it
possible to quantify the accuracy is below a predetermined threshold.
[0180] The detection method can include the selection for each irradiation case of a single particular modulation
frequency foptim determined on the basis of a plurality of nodal frequencies, for example by means of an
arithmetic or weighted average. In particular, in the case of a weighted average, greater weight can be assigned to
the lowest nodal modulation frequency.
[0181] This arrangement takes into account the fact that the amplitude of the photothermal signal decreases with
the modulation frequency of the incident light wave intensity.
[0182] By way of example, in the particular case of a photothermal measurement in the thermal piston regime
described in Kottmann, J. et al. (2012); Glucose sensing in human epidermis using mid-infrared photoacoustic
detection; Biomedical optics express, 3(4), 667-680, the amplitude of the photothermal signal is proportional to
the inverse of the modulation frequency of the incident light wave. Consequently, particularly in this case, a
particular modulation frequency foptim can be the barycentre of two nodal modulation frequencies, each assigned
a weight equal to its inverse. If we denote f1 and f2 as two successive nodal modulation frequencies, the particular
modulation frequency can therefore be calculated as follows:
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[0183] In another embodiment, particularly suited to the case of a closed photoacoustic detection cell, to take
account of the frequency response of the detection cell, a particular modulation frequency foptim can be the
barycentre of two successive nodal modulation frequencies each assigned a weight equal to its inverse raised to
the power 3/2.

[0184] Further weights can be chosen, for example to take account of the frequency responses of one or more
other elements in the measurement chain.

[0185] Alternatively, for each irradiation, the irradiation case selected in the process can include, in addition to a
particular foptim modulation frequency, at least one nodal modulation frequency. Indeed, while the detected
signal corresponding to the nodal modulation frequency does not carry information concerning the parameter of
interest, it does carry information concerning the structuring of the stratified environment 2, independently of this
parameter of interest. Selecting both a particular modulation frequency foptim and a nodal modulation frequency
fnod can therefore lead to the inverse problem being solved with greater efficiency and accuracy than any other
selection of two modulation frequencies.

[0186] In particular, as has been done for the examples in Figures 8a, 8b and 8c, it is possible to select one or both
nodal modulation frequencies closest to the optimum frequency foptim determined.

[0187] It is also possible to select two or more different particular modulation frequencies.

[0188] For example, if the main optimization criterion is energy consumption, i.e. if the non-invasive sensor is
powered by a battery that reaches a predetermined lower charge threshold, it is possible to select only one
modulation frequency for irradiation, namely a particular foptim modulation frequency.

[0189] If the energy consumption criterion is less important and irradiation at two different modulation
frequencies is permitted, a particular modulation frequency foptim and the lowest of the nodal modulation
frequencies used to determine foptim. Indeed, it is at this lowest nodal modulation frequency that the signal
amplitude will be the highest and therefore the accuracy the best.

[0190] If the aim is to optimize sensor sensitivity or accuracy with even lower energy consumption, a specific
modulation frequency foptim and two nodal modulation frequencies can be used for irradiation. modulation
frequencies to determine foptim, and optionally also a second, third, etc., special modulation frequency.

[0191] Finally, the invention relates to a computer program comprising instructions which lead the non-invasive
sensor 1 according to one of the preceding embodiments to execute the steps of the process according to any of
the embodiments described above.

LIST OF REFERENCE SIGNS
[192]

1: non-invasive sensor based on indirect photoacoustic detection
11: irradiation device

11a: light source

11b: light source intensity modulation device 11a

11c: device for controlling the intensity modulation frequency fimod of light source 11a
12: detection cell

13: signal processing module

14: adaptation module

15: simulation module

2A: first layer of target stratified environment

2B: second layer of target stratified environment
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EI-INVASIIVINEN ANTURI JA MITTAUSMENETELMA
PATENTTIVAATIMUKSET

1. Menetelmé& kohdeparametrin mittaamiseksi osioidussa kohdeymparistéssa
(2) fotoakustiseen tunnistukseen tai fototermiseen tunnistukseen perustuvan ei-

invasiivisen anturin (1) avulla, jolloin menetelma kasittd4 seuraavat:
a) aikaansaadaan anturi, joka kasittda
- valonléhteen (11a)

- laitteen valonlahteen (11a) useiden sateilyparametrien ohjaamiseksi,
jolloin kyseiset useat sateilyparametrit k&sittavéat vahintdén yhden taajuuden

valonlahteen voimakkuuden modulointia varten

- ilmaisinkennon, joka on konfiguroitu tunnistamaan akustinen tai terminen

signaali (12)
- muistin, johon on tallennettu solmutaajuuskaavio, joka kasittda

* useita osioidun kohdeymparistén mallikonfiguraatioiden ryhmia (GMp),
joista jokainen kasittda vahintdan kaksi osioidun kohdeymparistén

mallikonfiguraatiota (CMKk), jotka eroavat toisistaan vain kohdeparametrin suhteen,

* ja useita sateilytapausryhmia (Glq), joista kukin kasittda vahintadan kaksi
sateilytapausta (lj), jotka eroavat toisistaan vain valonlédhteen modulaatiotaajuuden
suhteen, jolloin kukin sateilytapaus (lj) kasittda joukon sateilytyksen

parametriarvoja,

useita solmun monikertoja, joista solmun monikerroista kukin kasittada
ominaisuudet, jotka ovat yhteisid osioidun kohdeymparistén mallikonfiguraatioiden
tietyn ryhmén (GMp) kaikille elementeille, ja useita niihin liittyvid solmun
modulaatiotaajuuksia, joille ilmaisukennon valonldhteen sateilyn seurauksena
tunnistaman akustisen tai termisen signaalin korrelaatio kohdeparametrin kanssa

alittaa ennalta méaaratyn kynnysarvon;
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- ja sovitusmoduulin (14), joka kasittdd prosessorin ja vaihtaa tietoja

ilmaisukennon (12) ja valonldhteen sateilyparametrien ohjauslaitteen kanssa

b) sovitusmoduuli (14) valitsee alkuperaisen osioidun kohdeymparistén

mallikonfiguraation (CMirrad) séateilytystd varten
C) sovitusmoduulin (14) prosessori

- maéarittdd solmutaajuuskaaviosta useita solmun modulaatiotaajuuksia
(fnod), jotka liittyvat osioidun kohdeymparistén mallikonfiguraatioiden ryhmaan

(GMp), johon osioidun ympéristén valittu mallikonfiguraatio (CMirrad) kuuluu

- maéarittda sitten ainakin yhden tietyn modulaatiotaajuuden (foptim)
mainittujen useiden solmun modulaatiotaajuuksien perusteella, jolloin mainittu
tietty modulaatiotaajuus on vahintaan kahden mainituista useista solmun
modulaatiotaajuuksista painotettu keskiarvo ja sen rajaavat kaksi solmun

modulaatiotaajuutta

- ja maarittaa tietyn sateilytapauksen osioidun kohdeymparistén valitulle
mallikonfiguraatiolle (CMirrad), jolloin kyseinen tietty sateilytapaus kasittaa

kyseisen ainakin yhden tietyn modulaatiotaajuuden (foptim)

d) valonlahde (11a) sateilyttda osioitua kohdeymparistéa (2) mainitun tietyn

sateilytapauksen séateilyparametrijoukon mukaisesti

e) ilmaisinkenno (12) tunnistaa akustisen tai termisen signaalin, joka on

muodostunut sateilyn seurauksena

f) sovitusmoduulin (14) prosessori maarittdad kohdeparametrin havaitun

akustisen tai lampdsignaalin perusteella.
2. Patenttivaatimuksen 1 mukanen mittausmenetelma, jossa

- sovitusmoduulin (14) prosessori toteuttaa lisdksi kaanteisen
mallinnusalgoritmin, joka vastaanottaa syétteena sateilytapauksen (lj) ja akustisen
tai lampdésignaalin ja tuottaa lahténa osioidun kohdeympaéristén mallikonfiguraation

(CMK) ja kohdeparametrin arvon
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- vaihe f) k&sittda seuraavat vaiheet:

1) sovitusmoduulin prosessori vastaanottaa sy6tteend ilmaisinkennon (12)
tunnistaman akustisen tai termisen signaalin ja sateilytykseen kaytetyn kyseisen
sateilytapauksen ja palauttaa ulostulona kdanteisestd mallinnusalgoritmista
nykyisen osioidun kohdeymparistén mallikonfiguraation (CMmes) ja

kohdeparametrin arvioidun arvon (Pest)

f2) sovitusmoduulin (14) prosessori arvioi valittua osioitua kohdeympaéristén
mallikonfiguraatiota (CMirrad) vertaamalla sitad nykyiseen osioidun
kohdeymparistdon mallikonfiguraatioon (CMmes), ja vain jos CMirrad on eri kuin
CMmes: g) sovitusmoduuli (14) vastaanottaa sy6tteena nykyisen osioidun
kohdeympariston mallikonfiguraation (CMmes) ja palauttaa ulostulona sateilytyst
varten valitun osioidun kohdeymparistén uuden mallikonfiguraation (CMirrad),

minké& jalkeen c), d), e) ja f1) toistetaan

f3) anturin mittaaman kohdeparametrin arvo (Pmes) on kohdeparametrin

arvioitu viimeisin arvo (Pest).

3. Patenttivaatimuksen 1 @) mukainen mittausmenetelma, joka kasittada

lisdksi f2):n toistamisen f1):n lopuksi.

4. Jonkin patenttivaatimuksen 1-3 mukainen mittausmenetelma, joka

k&sittdd ennalta seuraavat;

- prosessorin ja mallikonfiguraatioiden tietokannan, joka siséltaa
monikertoja (osioidun kohdeympariston mallikonfiguraatio (CMK), sateilytapaus (1)),
kohdeparametri), ja ilmaisinkennon tunnistaman akustisen tai termisen signaalin
(12), joka liittyy kuhunkin mainituista monikerroista, avulla luodaan

solmutaajuuskaavio
- useille mallikonfiguraatioiden ryhmille (GMp)
- ja useille sateilytapausten ryhmille (Glq),,

joka solmutaajuuskaavio kasittaa useita solmun monikertoja, joista solmun

monikerroista kukin kasittdd ominaisuudet, jotka ovat yhteisid osioidun
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kohdeymparistdon mallikonfiguraatioiden ryhmén (GMp) kaikille elementeille, ja

useita niihin liittyvia solmun modulaatiotaajuuksia,
ja tdéméa solmutaajuuskaavio tallennetaan ei-invasiivisen anturin (1) muistiin.
5. Patenttivaatimuksen 4 mukainen mittausmenetelma, joka kasittda seuraavan:

- prosessori oppii ainakin yhden kaanteisen mallinnusalgoritmin
mallikonfiguraatioiden tietokannasta, ja kyseinen vahintdan yksi kdanteinen

mallinnusalgoritmi tallennetaan ei-invasiivisen anturin (1) muistiin.

6. Jommankumman patenttivaatimuksen 4-5 mukainen mittausmenetelma,
jossa ainakin yksi mallikonfiguraatiotietokantaan tallennettuihin monikertoihin
liittyvista ilmaisinkennon (12) tunnistamista akustisista tai termisista signaaleista
simuloidaan eli tuotetaan tietokoneistetun simulointilaitteen avulla.

7. Jonkin patenttivaatimuksen 1-6 mukainen mittausmenetelma, jossa
mainittu tietty sateilytapaus valitulle mallikonfiguraatiolle, jonka sovitusmoduuli (14)
maéarittda vaiheessa c), kasittda lisaksi ainakin yhden solmun

modulaatiotaajuuden.

8. Fotoakustiseen tai fototermiseen tunnistukseen perustuva ei-invasiivinen
anturi (1), joka on konfiguroitu mittaamaan kohdeparametria osioidussa

kohdeymparistésséa (2), jolloin anturi kasittaa
- valonléhteen (11a)
- laitteen valonlahteen (1 1a) sateilyparametrien ohjaamiseen

- ilmaisinkennon (12), joka on konfiguroitu tunnistamaan akustinen tai

terminen signaali
- muistin, johon on tallennettu solmutaajuuskaavio, joka kasittda

- useita osioidun kohdeymparistén mallikonfiguraatioiden ryhmia (GMp),
joista jokainen kasittda vahintdan kaksi osioidun kohdeymparistén

mallikonfiguraatiota (CMKk), jotka eroavat toisistaan vain kohdeparametrin suhteen
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- ja useita sateilytapausten ryhmia (Glq), joista kukin kasittda vahintaan
kaksi sateilytapausta (lj), jotka eroavat toisistaan vain valonlahteen
modulaatiotaajuuden suhteen, jolloin kukin sateilytapaus (lj) kasittda joukon

sateilytyksen parametriarvoja,

useita solmun monikertoja, joista solmun monikerroista kukin kasittada
ominaisuudet, jotka ovat yhteisid osioidun kohdeymparistén mallikonfiguraatioiden
tietyn ryhmén (GMp) kaikille elementeille, ja useita niihin liittyvid solmun
modulaatiotaajuuksia, joille iimaisukennon valonladhteen séteilyn seurauksena
tunnistaman akustisen tai lampd&signaalin korrelaatio kohdeparametrin kanssa

alittaa ennalta méaaratyn kynnysarvon,

jolloin ei-invasiivinen anturi kasittaa lisaksi sovitusmoduulin (14), joka
kasittda prosessorin ja on sovitettu vaihtamaan tietoa ilmaisinkennon (12) ja
valonléhteen sateilyparametrien ohjauslaitteen (11a) kanssa, jolloin

sovitusmoduuli (14) on lisdksi konfiguroitu

- valitsemaan alkuperaisen osioidun kohdeymparistén mallikonfiguraatio
(CMirrad)

- maéarittdmaéan solmutaajuuskaaviosta useita solmun modulaatiotaajuuksia
(fnod), jotka liittyvat osioidun kohdeymparistén mallikonfiguraatioiden ryhmaan

(GMp), johon valittu osioidun kohdeympaéristén mallikonfiguraatio (CMirrad) kuuluu

- maéarittdmaan ainakin yhden tietyn modulaatiotaajuuden (foptim)
mainittujen useiden solmun modulaatiotaajuuksien perusteella, jolloin mainittu
tietty modulaatiotaajuus on vahintaan kahden mainituista useista solmun
modulaatiotaajuuksista painotettu keskiarvo ja sen rajaavat kaksi solmun

modulaatiotaajuutta

- maarittdmaan tietty sateilytapaus valitulle sateilytysmallin konfiguraatiolle

(CMirrad), joka kasittda ainakin yhden tietyn modulaatiotaajuuden (foptim)

- lahettdmaan tietyn sateilytapauksen valonlahteen sateilyparametrien

ohjauslaitteeseen
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- vastaanottamaan ilmaisinkennon (12) tunnistaman akustisen tai termisen

signaalin

- maéarittdmaan kohdeparametrin arvon tunnistetun akustisen tai termisen

signaalin perusteella.

9. Patenttivaatimuksen 8 mukainen ei-invasiivinen anturi, jossa

sovitusmoduulin prosessori on liséksi sovitettu

- toteuttamaan kaanteinen mallinnusalgoritmi, joka vastaanottaa syétteena
sateilytapauksen (lj), joka kasittda joukon sateilytysparametreja ja akustisen tai
termisen signaalin, ja tuottaa ulostulona osioidun kohdeymparistén

mallikonfiguraation (CMK) ja kohdeparametrin arvon

- kayttamalla kaanteistd mallinnusalgoritmia maarittdmaan nykyinen
osioidun kohdeymparistén mallikonfiguraatio (CMmes) ja kohdeparametrin arvioitu
arvo (Pest) vastaanotetun tunnistetun fotoakustisen tai fototermisen signaalin ja

valitun séateilytapauksen perusteella

- arvioimaan osioidun kohdeymparistén valittu mallin sateilytyskonfiguraatio
(CMirrad) vertaamalla sité osioidun kohdeymparistdn nykyiseen

mallikonfiguraatioon (CMmes)

- vain jos valitun osioidun kohdeympaéristén mallin sateilytyskonfiguraatio
(CMirrad) ja verrattu nykyisen osioidun ympariston mallikonfiguraatio (CMmes)
ovat erilaiset:

* maarittdmaan valitun osioidun kohdeymparistén (CMirrad) uusi mallin
sateilytyskonfiguraatio, kun se vastaanottaa nykyisen osioidun kohdeymparistén

mallin sateilytyskonfiguraation (CMmes)

* maéarittdmaéan solmutaajuuskaaviosta useita solmun modulaatiotaajuuksia
(fnod), jotka liittyvat osioidun kohdeymparistén mallikonfiguraation rynméaan

(GMp), johon valitun osioidun ympaéristén uusi mallikonfiguraatio (CMirrad) kuuluu

* maéarittdmaan sitten ainakin yhden tietyn modulaatiotaajuuden (foptim)

mainittujen useiden solmun modulaatiotaajuuksien perusteella, jolloin mainittu
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tietty modulaatiotaajuus on vahintaan kahden mainituista useista solmun
modulaatiotaajuuksista painotettu keskiarvo ja sen rajaavat kaksi solmun

modulaatiotaajuutta

* maarittdmaan uuden tietyn sateilytapauksen valitun osioidun
kohdeympariston uudelle mallikonfiguraatiolle (CMirrad), jolloin kyseinen tietty

sateilytapaus kasittaa kyseisen ainakin yhden tietyn modulaatiotaajuuden (foptim)

* ja lahettdmé&an uuden tietyn sateilytapauksen laitteeseen, jolla ohjataan
valonléhteen (11a) sateilytysparametreja siten, etta valonlahde (11a) sateilyttaa
osioituneen kohdeymparistén (2) noudattaen mainitun uuden tietyn
sateilytapauksen séteilyparametrijoukkoa ja ettd ilmaisukenno (12) havaitsee
akustisen tai termisen signaalin, joka on muodostettu seurauksena tasta uudesta
sateilystd, ja sovitusmoduulin (14) prosessori maarittdad kohdeparametrin uuden

tunnistetun akustisen tai termisen signaalin perusteella

- maéarittdmaan kohdeparametrin mitatun arvon (Pmes) kohdeparametrin

viimeisimman arvioidun arvon (Pest) perusteella.

10. Jommankumman patenttivaatimuksen 8 tai 9 mukainen ei-invasiivinen anturi,
jossa vahintaan kaksi laitteista valonlahteen (1 1a), valonlahteen (11a)
séateilyparametreja ohjaavan laitteen, ilmaisukennon (12), joka on konfiguroitu
tunnistamaan akustinen tai terminen signaali, muistin, johon on tallennettu
solmutaajuuskaavio, ja sovitusmoduulin (14) joukosta ovat mekaanisesti

riippumattomia toisistaan.

11. Tietokoneohjelma, joka kasittdd komentoja, jotka saavat jonkin
patenttivaatimuksen 8—10 mukaisen ei-invasiivisen anturin (1) suorittamaan jonkin

patenttivaatimuksen 1—7 mukaisen menetelméan vaiheet.
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